Walter Ernest Dixon, in whose memory this lecture is given, described experiments which he had carried out on the heart. In pithed animals he stimulated the vagi for half an hour and then extracted the heart. The extract possessed the power of inhibiting the frog's heart, and the inhibitory effect was abolished by atropine. He said also that "hearts treated in an identical manner, but in which the vagus nerve had not been excited, also gave a supply of this inhibitory substance, but in a smaller degree than in the excited heart". In the past few years we also have obtained evidence that the isolated heart, not receiving vagal impulses, liberates acetylcholine, and have described a series of observations which indicate further that acetylcholine has an action which is excitatory, though normally this action is not seen. It can be demonstrated in the isolated atria in the presence of drugs like quinidine, or when the atria are approaching exhaustion after long immersion in the organ bath, or when they are cooled (for references, see Burn, 1956) . Recently, however, we have observed that in the heart-lung preparation of the dog where conditions are close to normal, acetylcholine can maintain the state of excitation commonly described as fibrillation. During experiments in which we infused acetylcholine at a constant rate, we discovered that when the right atrium was stimulated, the atria fibrillated. This fibrillation persisted after the stimulation stopped for as long as the infusion continued. Fibrillation was always recognized from the ECG, but evidence of the arrhythmia could also be seen in the record of the blood pressure. Fig. 1 acetylcholine imusion was stopped.
must be infused per min. to maintain fibrillation indefinitely varies in different preparations from 40 ,ug. to 4 mg. The effect of infusing different amounts in one preparation is shown in Table I , from which it is seen that if the rate of inflow of acetylcholine is less than a certain figure, the fibrillation established by stimulation does not last more than a few minutes.
Our observation that under certain circumstances acetylcholine precipitates atrial fibrillation is not in itself new. Nahum and Hoff (1940) produced atrial fibrillation by applying acetyl-P-methylcholine to localized regions on the atrial surface, and it has long been known that vagal stimulation, which releases acetylcholine, favours the occurrence of atrial fibrillation. Fibrillation in the presence of an anticholinesterase.-The addition of an anticholinesterase to the heart-lung preparation causes the accumulation of acetylcholine in the blood, and this accumulation was observed to be greater when the heart was driven electrically by stimuli applied either to the atria or to the apex of the ventricle (Burn, Vaughan Williams and Walker, 1956) . We therefore tried stimulation of the atria in the presence of eserine and also of paraoxon (Mintacol) to see if fibrillation would occur when cholinesterase was inhibited. Most of our experiments were made with paraoxon, which is an organic phosphate having an action of longer duration than that of eserine. We found that fibrillation was induced by stimulation, and lasted after stimulation for a time which was proportional to the amount of paraoxon present, as shown in Table II . In one trial fibrillation was maintained for 25 min. (Burn, Vaughan Williams and Walker, 1955b) . when stimulus stopped 1 9 x 10-e 556 1 min. 1*8 x 10-5 556 3-3 min. 3 6 x 10-5 562 9-6 min.
A. 9 x 10-330 5 min.
2-7x10-750 25 min.
10-4 1,256 (Stopped by atropine) 3 9 x 10-e 708 (Flutter 10 sec.) 2-7 x 10-5 875 1 mi. 6 .3 x 10-5 865 10 min.
Fibrillation due to aconitine.-The substance aconitine was introduced by Scherf et al. (1948) as a means of causing atrial fibrillation. An amount of 25 ,ug. is injected under the epicardium of the tenia terminalis, or a 5 % solution in benzene is applied to one small area of the atrial surface. In the anasthetized dog where vagal control is present, atrial fibrillation occurs. In the heart-lung preparation in which the vagi are cut, we found that the injection of aconitine alone did not cause fibrillation in the few experiments in which we tried, but that it did so with regularity after the addition of eserine to the blood. On the other hand, it never caused fibrillation in the presence of atropine; its effect then was to produce a tachycardia, accompanied by some degree of A-V block. These findings led us to conclude that atrial fibrillation due to aconitine depended for its occurrence on the presence of acetylcholine, the aconitine producing an ectopic focus from which a series of impulses arose, corresponding to the electrical stimuli which were required to start the fibrillation in the absence of aconitine.
Conversion of tachycardia into fibrillation.-In a series of experiments we stimulated the atria during the infusion of adrenaline or noradrenaline into the blood at a constant rate. In the majority of trials, normal rhythm was observed when the stimulation stopped. In some trials, however, a tachycardia was established, which either reverted to normal rhythm after some minutes or persisted. When it persisted we observed that if an infusion of acetylcholine was given, atrial fibrillation then promptly developed.
Factors required for atrial fibrillation.-We thus produced atrial fibrillation (1) by brief electrical stimulation of the atria during the infusion of acetylcholine, (2) by electrical stimulation of the atria after the addition of eserine or paraoxon to the blood, (3) by the injection of aconitine into the twnia terminalis after the addition of eserine to the blood, and (4) by the infusion of acetylcholine after establishing a tachycardia. The common factors in these different circumstances were the presence of acetylcholine in the blood and a high rate of stimulation. The acetylcholine produced a condition in the atria in which fibrillation occurred whenever a rapid succession of stimuli was applied; these might be electrical or they might arise from an ectopic focus set up by aconitine or they might be the tachycardia set up by stimulation during the infusion of adrenaline.
Fibrillation in isolated atria.-Fibrillation has also been established in isolated atria by my colleague W. C. Holland (Holland et al., 1957) . He dissected the atria from a freshly excised rabbit heart and suspended them in an isolated organ bath at 29°C. in which they were well oxygenated. A pair of electrodes penetrated the atria through which stimulation could be applied at one time and an ECG record could be taken at another. Holland failed to establish fibrillation by stimulating the atria in normal Locke's solution even in the presence of acetylcholine. However, when the K+ concentration was reduced from 5 6 mM/l. to 1-4 mM/l., he then found that fibrillation occurred as shown in Fig. 2 and that the fibrillation stopped when the acetylcholine was removed from the bath. He demonstrated further that the fibrillation was arrested by atropine. Ringer containing 1V4 mM/l. potassium; c, after stimulation for 2 min., d, after addition of acetylcholine which arrested the beat; e, after stimulation in the presence of acetylcholine; f, fibrillation stopped by atropine; g, in normal Ringer. (Holland and Burn, 1957.) Action of acetylcholine in maintaining fibrillation.-As has been stated, the fibrillation produced in the atria of the heart-lung preparation by brief stimulation during the infusion of acetylcholine, was maintained until the infusion was stopped. This indicated that acetylcholine by itself maintained some change in the atria responsible for the continuation of 0 N.,
fibrillation. That acetylcholine shortens the refractory period of atrial tissue has long been known, and recent observations have provided more information about this effect. To understand it, the movements of ions into and out of the cell require consideration.
The membrane of a cell is relatively impermeable to sodium ions and is the seat of chemical processes which drive Na+ out of the cell, so that the concentration inside is less than that outside. These processes constitute what Hodgkin (1951) has called the sodium pump. For potassium ions the situation is reversed and the concentration inside the cell is much greater than that outside. As a consequence the cell membrane bears an electrical charge which is negative internally and positive externally. Thus, if a micro-electrode is placed inside an atrial cell of the dog during diastole, a negative charge of about 90 millivolts is recorded.
When a stimulus arrives at the cell membrane the membrane becomes permeable to sodium ions. In consequence Na+ moves into the cell rapidly, and the internal negative potential falls abruptly being reversed to a positive potential of about 30 mV. This fall of the internal potential is spoken of as the rising limb of the "action potential". About the time that the entry of Na+ has neutralized the internal charge on the membrane, at which point the membrane is said to be depolarized, K+ begins to diffuse out of the cell, and by doing so begins to restore the charge on the membrane. Cardiac muscle cells differ from those of nerve because the restoration of the charge on the membrane takes place slowly, so that the descending limb of the action potential is not abrupt, but is gradual. In its early course the limb may not descend at all, but may appear as a plateau, at the end of which repolarization takes place rapidly, and the action potential is then complete. For the greater part of the period of the action potential the cell is inexcitable; towards the end, however, the refractory period finishes. The Na+ which enters the cell when a stimulus arrives is afterwards driven out by the sodium pump. Similarly, the K+ which leaves the cell during repolarization is carried back into the cell by chemical processes which are in part at least linked to the sodium pump, occurring only when the sodium pump is working. The first evidence that the action potential in the atrium was affected by vagal inhibition was obtained by Samojloff (1914) who showed that it was shortened. More recently Burgen and Terroux (1953) and Hoffman and Suckling (1953) have studied the changes by the use of intracellular electrodes. They are shown in Fig. 3 . Both investigations revealed that the effect of acetylcholine upon the action potential was to accelerate the rate of repolarization, that is, to make the downstroke much steeper. Burgen and Terroux suggested that acetylcholine made the membrane more permeable to K+, since the downstroke is determined by the exit of K+ from the cell. Trautwein et al. (1956) , working on isolated strands from frog auricles, have shown that during inhibition by acetylcholine the conductance of the muscle membrane is increased. Harris and Hutter (1956) have found that when the sinus venosus and the atria of the frog or tortoise heart were loaded with 42K, the rate of loss of the isotope was increased by acetylcholine two or three times. Furthermore, they showed that the rate of uptake of 42K was also increased. In the investigation already mentioned Holland has studied the loss of K+ in isolated rabbit atria when he applied stimulation at increasing rates. In control observations the rate of K+ rose only from 3 8 to 4-7 mM/kg. wet tissue per 5 min. when the stimulation was raised from 200 to 1,200 per min. In the presence of acetylcholine (3 0 x 10-4g./ml.), however, the rate of loss rose from 6-8 to 10 5 mM as the rate of stimulation increased from 200 to 800 per min., and fibrillation occurred when the loss of K+ exceeded a value about 10-5 mM/kg. wet tissue per 5 min. This was observed when the rate of stimulation was 600 per min. or more (Holland, Burn and Schumann, 1957) .
Hence the maintenance of atrial fibrillation appears to be linked to the diminution in membrane resistance, to the increased permeability to K+ and to the increased rate of loss of K+ which acetylcholine causes. Thus it seemed likely that fibrillation would be arrested by measures which retarded the outflow of K+ from the cells and which prolonged the repolarization of the action potential.
Effect of raising the extracellular K+.-The simplest method of retarding the outflow of K+ seemed to be to raise the concentration of extracellular K+. (Whether this idea was justified will be discussed later.) In a series of experiments in which we established atrial fibrillation in the heart-lung preparation as already described, we infused a solution of KCI slowly at a constant rate. We found this infusion arrested the fibrillation after amounts from 50 to 410 mg. had entered the blood, the mean amount being 227 mg. There was approximately 1 litre of blood in the system, so that the K+ concentration was raised from 5 to 8 mEq./l. Not only was fibrillation arrested in spite of continued infusion of acetylcholine, but when attempts were made to re-establish it by further stimulation it was found impossible to do so (Bum, Gunning and Walker, 1956 ).
Effect of adrenaline.-Having supported the hypothesis by showing that infusion of KCI would arrest fibrillation, we turned our attention to a study of the effect of adrenaline. The injection of adrenaline into animals anesthetized with chloroform was shown by Levy (1912) to precipitate ventricular fibrillation, and anaesthetists have long regarded adrenaline as a substance which is dangerous for this reason. However, it seemed possible that a different relation might be revealed in the atria. Webb and Hollander (1956) , having confirmed that acetylcholine shortened the duration of the action potential in the isolated atria, found that adrenaline prolonged it by a mean figure of 14%. The effect of adrenaline in the heart-lung preparation is certainly complex, and we were not surprised to find that in different experiments different results were obtained. However, out of a total of 16 experiments, we observed that an infusion of adrenaline or noradrenaline prevented atrial fibrillation from being established in 9. In 2 experiments we observed the opposite result, and in 5 experiments we observed no effect.
An example of the prevention of fibrillation is given in Fig. 4 , taken from the kymograph FIG. 4.-To show the action of adrenaline in preventing fibrillation. Acetylcholine was infused throughout the record. Stimulation was applied to the right atrium at "St", and this caused fibrillation which reverted to normal rhythm after 4-5 min.
Adrenaline was then infused in addition to acetylcholine. Stimulation now failed to cause any fibrillation.
record. During infusion of acetylcholine alone, stimulation of the right atrium produced an arrhythmia which the ECG showed to be fibrillation. During the infusion of adrenaline and acetylcholine together, there was no arrhythmia. This result and the similar results in 8 other experiments were consistent with the view that adrenaline prevented acetylcholine from causing fibrillation by preventing repolarization from being sufficiently rapid, and the refractory period from becoming sufficiently short.
Arrest offibrillation by quinidine.-The action of quinidine in arresting atrial fibrillation has long been attributed to a lengthening of the refractory period, in other words, to an increase in the duration of the action potential. Recent observations by Armitage (1957) indicate that this increase may be due to a decrease in the permeability of the membrane to K+, though this is not yet proved. When the isolated atria are suspended in a bath, the addition of quinidine to make a concentration of 10-5 causes a progressive diminution in amplitude and rate of beat until it stops. The beat can be started again in two ways; either by adding acetylcholine to the bath, or by reducing the concentration of K+ in the solution. Since we know that acetylcholine increases the permeability of the membrane to K+ it would appear that quinidine may act by diminishing the permeability of the membrane to K+. This is supported by the evidence that reduction of the K+ in the external fluid also neutralizes the effect of quinidine, for this reduction by increasing the concentration gradient from inside to outside would offset the diminution in permeability.
VENTRICULAR FIBRILLATION
The study of ventricularfibrillation.-In the whole animal or in the heart-lung preparation, the onset of ventricular fibrillation brings the circulation to a standstill. To study fibrillation it was necessary to use a system in which the coronary flow continued although fibrillation had begun, and for this the simplest arrangement was the isolated rabbit heart perfused through the aorta, by Langendorff's method. Grumbach et al. (1954) have used this preparation and observed that in it ventricular fibrillation occurred spontaneously when it was perfused with a solution free from potassium, though not if calcium was also absent. They also observed fibrillation if they injected large doses of calcium. In our experiments we produced fibrillation by electrical intraventricular stimulation. When the heart was perfused with a modified Krebs' solution containing 5 6 mM/1. K+ and 2-2 mM/l. Ca4+ and the ventricles were stimulated at increasing rates, fibrillation began at a rate near 600 per min. If this rate of stimulation was then maintained for a fixed period of 5 min., when the stimulation stopped, the ventricles continued to fibrillate. This might be for a short period, reversion to normal rhythm occurring within 5 min. or it might be for 30 min. after which observation was discontinued. An arbitrary distinction was made between these hearts, the former being said not to fibrillate and the latter being counted as fibrillating. Of 28 hearts studied at 360-370 C., perfused with the solution described, 11 were found to fibrillate in this sense.
Effect of carbachol and atropine.-Since acetylcholine produced a condition in the atria in which stimulation caused fibrillation, the effect of adding carbachol (the carbamic ester of choline) to the perfusion fluid was studied. Experiments in 11 hearts failed to show any effect of carbachol in a concentration of 1-25 x 10-6fg./ml. A similar negative result was obtained when atropine was added in concentrations up to 10-6g./ml. Thus the ventricles differed from the atria in this respect. Hoffman and Suckling (1953) found that acetylcholine did not shorten the duration of the action potential in the ventricle. Changes in potassium ions.-Because of the results obtained with atrial fibrillation, observations were first made to determine the effect of changes in the concentration of K+ in the perfusion fluid. The proportion of hearts which fibrillated fell when the concentration of K+ was raised; at twice the normal concentration no heart fibrillated even during the period in which the stimulation was applied. As the concentration of K+ was reduced the proportion of hearts which fibrillated rose as shown in Table III until at a concentration onequarter the normal, 5 out of 6 hearts fibrillated spontaneously without electrical stimulation.
An illustration is given in Fig. 5 . The effect of reducing the potassium concentration was abolished by a simultaneous reduction of the calcium concentration. When the perfusing solution contained onequarter calcium as well as one-quarter potassium, fibrillation did not occur, but on raising the calcium to normal, fibrillation occurred once more. The results with low potassium were of special interest since they showed that normal rhythm could change to fibrillation without the intervention of electrical stimulation.
Changes in calcium ions.-Observations were then made to determine the effect of changes in the concentration of calcium. In general it was found that the proportion of hearts which remained in persistent fibrillation was affected in the opposite direction to that in which it was affected by changes in potassium. When the concentration of calcium ions was raised to twice the normal, all hearts fibrillated. At the other extreme, when the solution perfusing a heart which was fibrillating was changed to one which was Ca-free, the fibrillation was arrested as shown in Fig. 6 . Between these extremes there was no simple gradation as the calcium ion concentration changed, as is shown in Fig. 7 . Up to concentrations of 0-3 mM/l., the proportion of hearts fibrillating steadily increased; above this concentration, however, the proportion declined until the concentration reached 2-2 mM/l.; finally, as already stated, at 4-4 mM/l. all hearts fibrillated. A similar change with rise of calcium ion '/32 '/16 1/8 14 '1/2 1 2 x normal Ca concentration was observed when thesolutions contained 4-2 mM/I. K+ as when they contained 5 6 mM/l. K+. Effect of reducing sodium ions.-Experiments were carried out in which the sodium ion concentration was reduced by one-half, and it was found that in all of them stimulation caused persistent fibrillation. In 13 experiments the tonicity was maintained by the addition of sucrose; this meant that the concentration of chloride ions was reduced as well as that of sodium ions. In 7 further experiments the tonicity was maintained by choline chloride, giving atropine to prevent A-V block. The concentrations of potassium and of calcium ions were normal. Thus, reducing the sodium ions to half increased the proportion of hearts fibrillating from 40 to 100%.
Loss ofpotassium during fibrillation.-An increased loss of potassium ions during fibrillation was directly observed. By the use of a Beckman flame photometer the potassium content of the fluid leaving the heart was determined before fibrillation was induced, during fibrillation and then again when a normal rhythm had been restored for 15 min. It was found that the loss of potassium was greater during fibrillation whether this was induced in the presence of a lowered potassium content of the perfusing fluid, a raised calcium content or a lowered sodium content. Results are shown in Table IV . donor, and by its means the rate of replacing potassium ions within the cell might be increased. The addition of A.T.P. to the perfusing solutions would not, however, increase the amount of A.T.P. within the cell, so that it is unlikely that it could act in this way. Fortunately, this was not realized before it was discovered that A.T.P. did, in fact, arrest fibrillation. In one experiment in which a heart was fibrillating in a solution containing normal concentrations of potassium and calcium, the addition of A.T.P. in a concentration of 2*5 x 10-5M converted fibrillation to a tachycardia; the solution was then changed to a solution without A.T.P. and the fibrillation was resumed; with a higher concentration ofA.T.P.
(6*4 X 10-5M) the fibrillation reverted to normal rhythm, and on changing back to a solution without A.T.P., the normal rhythm once more gave place to fibrillation. Finally, the solution with A.T.P. again restored a normal rhythm. It seemed in this experiment that A.T.P. was a key substance in controlling fibrillation.
Action of magnesium ions.-The observations with solutions containing varying proportions of calcium ions had shown that an excess of calcium ions caused fibrillation. Since A.T.P. can enter into combination with calcium ions and thus neutralize their activity, it was possible that A.T.P. arrested fibrillation by such a combination, which might occur within the pores of the cell membrane. If this were true it seemed that it should be possible to demonstrate that magnesium ions potentiated the action of A.T.P. since magnesium ions might be required to link the A.T.P. to the protein in the membrane. Experiments were carried out on hearts in which fibrillation was produced by stimulation during perfusion with a solution containing 4-2 mM/l. of K+ and 0275 mM/l. of Ca++. It was found that when the solution was changed to one containing 6A4X 10-5M A.T.P., the fibrillation was not arrested, but on changing to a solution containing 1 %6x 1O-6M Mg++ in addition, the fibrillation was arrested in 4 out of 7 experiments.
Effect of Versene and A.M.P.-A substance which is known to bind calcium ions, and thus to inhibit their activity is ethylenediamine tetra-acetate or Versene. It was found that Versene would also arrest fibrillation, but this occurred only when the amount of calcium ions in the perfusion fluid was low and the concentration of Versene sufficient to remove all calcium ions from the solution.
Other phosphates, adenosine monophosphate or A.M.P. and inosine triphosphate were tested, and they also were found to arrest fibrillation in some experiments, though again only when the amount of calcium ions in the solution was low. We did not discover in these experiments whether all calcium ions were removed from solution, and whether the arrest of fibrillation was due to this cause. The results are shown in Table V . The effect of dinitrophenol.-In the hope of obtaining a clue to the meaning of the results with A.T.P., to learn, that is, whether A.T.P. normally plays a role in the cell membrane, we investigated the action of 2,4-dinitrophenol which is said to uncouple oxidation and phosphorylation. The energy derived from oxidation is used in part to convert A.D.P. or A.M.P. into A.T.P. by adding one or two phosphate groups. In the presence of dinitrophenol (D.N.P.) the energy derived from oxidation cannot be used in this way, and A.T.P. cannot be formed. In consequence, if A.T.P. normally plays a part in preventing fibrillation, the addition of D.N.P. to the perfusion fluid should cause persistent fibrillation in conditions in which it would not otherwise occur.
In a series of experiments, shown in Table VI , carried out on hearts which did not fibrillate for more than 4 mim. after stimulation, the addition of D.N.P. in a concentration 5 x 10-"M caused them to fibrillate for periods from 15 to 35 min.; at the end of this time the perfusion was continued without D.N.P. and the hearts then reverted to normal rhythm. These results were obtained in solutions containing calcium both in higher and lower concentrations (Armitage et al.. 1957) . 
DISCUSSION
The theory of auricular fibrillation which was almost universally accepted for about thirty years was that of a circus movement of an excitation wave around the large veins; this movement persisted so long as the refractory period of the auricular muscle was short (see Lewis et al., 1918 Lewis et al., -20, 1921 . In 1948 and 1950 Scherf and his colleagues published papers suggesting that rapid impulse formation in one or more centres was rather to be regarded as the underlying cause, and a similar conclusion was reached by Prinzmetal and his colleagues (1950) . Ventricular fibrillation was studied by Moe et al. (1941) ; it was precipitated by a D.C. shock and was believed to be due to a re-entry of impulses attributable to a progressive decrease in refractory period combined with a progressive increase in conduction time.
All workers are bound to interpret phenomena in terms of the observations their methods allow them to make, and our study of the fibrillation in the ventricles of the isolated rabbit heart has led us to emphasize different aspects of fibrillation. Our general method has been to induce fibrillation by rapid stimulation of the ventricular muscle, and then to see how long it persisted when perfusion fluids of different composition were used. In the course of this work we have observed that rapid stimulation or indeed stimulation of any kind is not an e3sential factor in the production of fibrillation. Thus we have found that when the potassium concentration is reduced to 1-4 mM/l. the ventricles fibrillate spontaneously. The normal rhythm suddenly disappears and fibrillation begins. This result was obtained earlier by Grumbach et al. (1954) . The fibrillation can be arrested by changing to a solution with a higher potassium concentration. Further, we have found that when the potassium concentration is 11-2 mM/l., no rate or duration of stimulation has ever produced fibrillation even while it was applied. Next we have observed that when fibrillation has been established, perfusion with A.T.P. caused reversion to normal rhythm, and subsequent return to a solution without A.T.P. once more brought back fibrillation. Finally, observations (Burn and Goodford, 1957) have shown that when fibrillation was established at 370, cooling to 320 C. caused reversion to normal rhythm, and re-warming to 370 again caused fibrillation. Thus by lowering potassium concentration or by removing A.T.P. or by raising temperature the change from normal rhythm to fibrillation was induced, and the reverse procedures restored the normal rhythm. These results indicated not only that fibrillation is reversible, as was already known, but that it can be produced and arrested alternately by changing the composition of the fluid perfusing the heart without the use of electrical stimulation.
An attempt can be made to interpret these changes in terms of the movement of ions across cell membranes, or in terms of the part played by ions. We may first consider the effect of reducing potassium. There is normally a much greater concentration of potassium within the cardiac muscle cell than there is without, and the potential difference on the two sides of the membrane depends on the difference in concentration. When the external potassium concentration is reduced to one-quarter, this difference must be greatly exaggerated, so that perhaps because of this the insulating properties of the membrane break down, and it becomes unstable; thus the condition of fibrillation arises. However we have recently observed that this spontaneous fibrillation does not occur when calcium is also reduced to one-quarter, so that the spontaneous, ventricular fibrillation may be due to a rise in the Ca/K ratio rather than to the fall in potassium.
Fibrillation can be arrested by adding A.T.P. to the perfusing fluid, and it can then be re-established without electrical stimulation by withdrawing the A.T.P. The part played by A.T.P. cannot be related to metabolic processes inside the cell since A.T.P. does not penetrate the interior of the cell. A.T.P. is known to combine with calcium ions, and it is possible that in abolishing fibrillation, A.T.P. is combining with calcium ions not within the cell, but within the pores of the cell membrane. This idea assumes that fibrillation is caused by an excess of free calcium ions in the membrane and that it stops when this excess is removed.
The arrest of fibrillation by cooling from 370 to 320 C. is likely to be due to a lengthening of the refractory period. It has been observed by Hollander and Webb (1955) that a fall of temperature prolongs the duration of the action potential in the atrium, which means that it prolongs the period in which the cardiac cells are inexcitable and so terminates the fibrillation. When the temperature is raised again we have observed that fibrillation reappears without electrical stimulation.
These examples illustrate in what terms three conditions may be discussed in which fibrillation can be converted to normal rhythm, and normal rhythm back again to fibrillation without intervention of electrical stimulation.
We may now consider atrial fibrillation produced by applying stimulation at a rate of 750 per min. during the infusion of acetylcholine. Attention has already been drawn to the evidence that acetylcholine can diminish the duration of the action potential (from between 150 and 200 msec. down to periods as short as 10 msec.), that it increases the membrane conductance and the permeability to potassium. Hoffman and Suckling (1953) also found that when a stimulus was applied in the presence of acetylcholine fairly early in the relative refractory period, it caused not one but a succession of action potentials of very short duration, sometimes lasting for 10 min., at rates of 700 to 1,500 per min. This has been confirmed by Dr. M. H. Draper (1956) . In our experiments the rate of stimulation used was 750 per min., so that there was an interval of 80 msec. between stimuli, which might well arrive early in the relative refractory period, and so set up such a succession of action potentials.
The cause of the succession of action potentials has been discussed by Segers (1947) who stressed the importance of the supernormal phase of excitability first demonstrated in cardiac tissue by Adrian (1920) . Segers pointed out that when several contractions follow one another sufficiently rapidly, each stimulus arriving during the supernormal phase following the preceding contraction, the supernormal phases pile up, the excitability steadily increases and the threshold of excitation falls until it disappears. Continuous depolarization and repolarization may then occur without a further stimulus.
Fibrillation persisted in the atria only so long as acetylcholine was infused, and the changes produced by acetylcholine were therefore essential for fibrillation. Of these the increased permeability to potassium would seem from Holland's observations to be of importance since he found that fibrillation occurred in the isolated atria only when the exchange of sodium and potassium ions exceeded 10 mM/kg. wet tissue per 5 min. This value was reached when stimulation was applied at rates of 600 per min. or more in the presence of 5 x 10-4g./ml. acetylcholine. The addition of quinidine to the system inhibited both the fibrillation and the increase in the ion exchange.
The short duration of the action potential is clearly important for fibrillation, for if fibres in a given area are out of phase, they may stimulate one another so long as the duration of the action potential is short and the recovery of excitability is rapid. They may thus maintain the fibrillation. Hoffman and Suckling (1953) have suggested that the normal long action potential is maintained by metabolic processes which may delay repolarization, and that they are inhibited by acetylcholine. Since adrenaline increases the duration of the action potential and can prevent fibrillation due to stimulation in the presence of acetylcholine, it may do so by increasing these metabolic processes.
While it has been seen that ventricular fibrillation can be produced without electrical stimulation, most of our observations were made by inducing fibrillation by stimuli at the rate of 600 per min. upwards. Moe et al. (1941) observed that when they produced fibrillation by the application of a D.C. shock, the onset of fibrillation was preceded by discrete deflections at progressively decreasing intervals. The succession of action potentials evoked in the atria which have just been discussed seem to be a similar phenomenon.
The factors which have been shown to modify the proportion of hearts in which persistent ventricular fibrillation was observed are factors known to modify the duration of the action potential. Dinitrophenol, which shortens the action potential in the frog ventricle as shown by Macfarlane and Meares (1955) causes ventricles to fibrillate when they otherwise do not. A fall in temperature which has been shown to lengthen the action potential ) causes ventricles to cease fibrillating.
The action of calcium requires special consideration. As long ago as 1936 Schutz stated that in high-calcium solutions cardiac muscle becomes re-excitable at a relatively early stage of repolarization. This was confirmed by Weidmann (1955) . Hoffman and Suckling (1956) found that in papillary muscle when the amount of calcium was high repolarization occurred at a faster rate, while when the amount of calcium was low the action potential was longer, due to a prolongation of the plateau. We found that high calcium solutions raised the proportion of hearts which fibrillated on stimulation.
The observations of Hoffman and Suckling (1956) on the effect of changes in calcium concentration on excitability in the auricles were of particular interest. They showed that when the calcium concentration was lowered, the change in auricular excitability was biphasic; at first the auricular tissue was more excitable, and then, below 0-27 mM/l, it was less excitable. These changes are very similar to those in the proportion of hearts in which the ventricles fibrillated on stimulation (see Fig. 7 ). In skeletal muscle calcium stabilizes the membrane, and when calcium is reduced, spontaneous activity develops in the fibres. The increased tendency to fibrillation which is seen when calcium is lowered from 2-2 mM/l. to 0-27 mM/l. may be the corresponding change in cardiac muscle, occurring because the membrane becomes more permeable and its diminished resistance gives rise to greater excitability. If, however, the calcium is reduced below 0-27 mM/l., the leak of ions through the membrane perhaps becomes so great that many of the fibres are inexcitable, and so there is a decreasing tendency to fibrillation. The view that calcium is mainly concerned in stabilizing the membrane in cardiac muscle does not, however, explain why raising the calcium to 4-4 mM/l. causes fibrillation in a much larger percentage of hearts.
Of the observations so far made the effect of changes in potassium concentration are the most difficult to understand. Potassium may cause fibrillation, and also may arrest it. Thus Grumbach (1956) has shown that, after an injection of adrenaline, the injection of KC1 into the fluid perfusing an isolated heart caused fibrillation. A discussion of the opposite effects of potassium on arrhythmias whether produced experimentally or occurring clinically is given by Scherf and Schott (1953) .
In atrial fibrillation in the heart-lung preparation a slow infusion of KC1 into the blood sufficient on the average to raise the plasma K+ concentration from 5 to 8 mEq./l. arrested the fibrillation. Similarly, in ventricular fibrillation when the potassium concentration was doubled, fibrillation did not occur in any heart, and, on the other hand, a diminution of potassium in the perfusing fluid increased the proportion of hearts fibrillating. Now several observers have found that an increase in extracellular potassium concentration shortens the duration of the action potential (Yoshida, 1926; Garcia Ramos and Rosenblueth, 1947, who worked on the dog auricle, and Weidmann, 1956). Weidmann's observations showed that the shortening could be obtained without preceding depolarization. Thus it seems that an increase of K+ ions externally can hasten repolarization in some way, and if the rate of repolarization is indeed concerned with fibrillation we would expect that potassium would increase the tendency to fibrillation rather than oppose it. The amounts of potassium used by us to arrest atrial fibrillation seem to have been less than the smallest amount used by Weidmann, and it may be that the amounts necessary to arrest fibrillation have another action. Hodgkin and Keynes (1954) have shown that in Sepia nerve the sodium pump is depressed both by dinitrophenol and also by a low external potassium concentration. If this is true for heart muscle the effect of low potassium in inducing fibrillation and that of higher potassium in preventing it may be related to its effect on the sodium pump. Since dinitrophenol increases the tendency to fibrillation it is probable that this is because it depresses the sodium pump, and if so the antifibrillatory action of the amounts of potassium we used may be explained by an increase in the action of the sodium pump. Fortunately this can be tested experimentally.
The main results of the investigations are in the first place methods for the study of both atrial and ventricular fibrillation which are relatively simple to use; in the second place observations which indicate that an approach to fibrillation in terms of the movement of ions is likely to be very fruitful. On the whole, the attempt to explain fibrillation in terms of the factors affecting the action potential has had considerable success; indeed, what failure there has been does not suggest that the approach is wrong, but rather that through a study of fibrillation more light may be thrown on the ion movements in cardiac tissue when a normal rhythm is being maintained. SUMMARY Hitherto no methods have been available for the quantitative study of factors influencing fibrillation in either the atria or the ventricles of the heart. Three methods are now described. Atrial fibrillation has been produced in the heart-lung preparation of the dog by applying brief stimulation to the atrium during the slow infusion of acetylcholine. Following this observation fibrillation has been produced in the isolated atria by stimulation in the presence of acetylcholine. Fibrillation occurs when the exchange of sodium and potassium ions reaches a certain value per unit of time.
Ventricular fibrillation has been studied in the isolated rabbit heart. When electrical stimulation at a rate of about 600 per min. is applied to the ventricles until they fibrillate, the continuance of fibrillation after the stimulation has stopped has been shown to depend on various factors. Fibrillation is more likely to continue the lower the potassium concentration of the perfusing fluid, and the higher the calcium concentration. The effect of variation in the calcium concentration is, however, triphasic. Fibrillation is more likely to continue in the presence of dinitrophenol, and on the other hand, fibrillation is arrested in the presence of adenosine triphosphate. Fibrillation is attended by an increased loss of potassium ions
